In this study sol-gel hybrid materials in the system SiO2-chitosan (CS) -polyethylene glycol (PEG), as novel structures with potential application in bioremediation were investigated. The organic components -CS and PEG were used as structural modifiers for functionality improvement. The catabolic activity to n-hexadecane of Pseudomonas aeruginosa BN10 free and immobilized cells was estimated. The cell immobilization technique was employed to evaluate its efficiency on biodegradation and protective effect from high levels of hydrocarbons. The characteristics of obtained hybrid materials were investigated via X-ray Diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), Scanning Electron Microscopy (SEM) and Atomic-force microscopy (AFM) analyses. The obtained results revealed that the organic part in the synthesized hybrids is important for microstructure and defined properties creation. The rate of n-hexadecane mineralization by the bacterial strain was influenced by variation in cell densities applied in the immobilization procedures. Semi-continuous processes with multiple xenobiotic supplies were carried out. The synthesized by the sol-gel method hybrid matrices proved to be suitable carriers for realizing an effective biodegradation process of n-hexadecane by Pseudomonas aeruginosa BN10. Biodegradation of 50 kg/m 3 of n-hexadecane was realized by free cells. Significantly greater quantity (150 kg/m 3 ) was mineralized for 15 active cycles by entrapped bacterial cells. Biodegradation process with gradual increase of xenobiotic concentration reaching 30 kg/m 3 for 120 h was also accomplished.
Introduction
Pollution, due to petroleum oil, is a prevalent ecological hazard and hence, microbial degradation of hydrocarbons remains a top issue [1] . The occurrence of oil contamination in the environment is very common. Petroleum oil contains high levels of persistent hydrocarbons which can negatively affect ecosystems. n-hexadecane comprises the largest part of the aliphatic fraction of petroleum oil. The ability of microorganisms to degrade pollutants due to their diverse metabolic capabilities is an evolving approach for the removal of many environmental pollutants including the products of petroleum industry [2, 3] . Biodegradation by microorganisms represents one of the primary mechanisms by which petroleum and other hydrocarbon pollutants that can be found in rivers, as a result of routine petroleum activities or by accidental oil spills can be removed from the environment [4] . Both aliphatic and aromatic fractions are very often found in nature under oil forms and represent a real danger of pollution for the environment due to the difficulty of their biodegradation [5] [6] [7] .
The sol-gel route becomes one of the traditional methods for synthesis of different types of hybrid materials -functional drug delivery carriers, mesoporous adsorbents, coatings and thin films for corrosion protection, biosensors, nanomaterials etc. [8, 9] . In the last few years it was established that hybrid materials, based on silica are suitable for immobilization of different biological objects [10] . The silica material could be easily prepared via sol-gel method, as its functionality and biocompatibility depends on the organic part involved [11] . Chitosan in combination with polyethylene glycol is an organic mixture, which is applied in different biotechnological schemes due to their biocompatibility, biodegradability and reactivity (PEG, containing hydroxyl groups and chitosan -hydroxyl and amino end groups for which is established that they posses different affinity to biological objects). Influence on bioactivity plays the length of the organic chain -the long chains exhibit reduced value of free reactive groups [12] . The combination of these organic components with the silica network allows formation of hybrid structures, exhibiting improved properties. They possess properties of both organic and inorganic constituents such as good permeability, selectivity, mechanical strength, and thermal and chemical stability, as well as good biological compatibility [13] . A wide range of polymers have been tested in the attempt to develop supports for successful cell immobilization with different purposes [14, 15] . Immobilized cells have been used and studied for the bioremediation of numerous toxic chemicals. Immobilization not only simplifies separation and recovery of immobilized cells but also makes the preparations reusable which reduces the overall cost [16] . Immobilization results in an increased contact between cells and hydrocarbon droplets. Diaz et al. [17] report that immobilization of bacterial cells enhances the biodegradation rate of crude oil compared to free living cells in a wide range of culture salinity.
The aim of the study was to synthesize novel hybrid materials by the sol-gel method in the system SiO 2 -chitosan (CS) -polyethylene glycol (PEG) and to use them as matrices for immobilization of Pseudomonas aeruginosa BN10 for realization of an effective xenobiotic biodegradation process.
Materials and methods

Microorganism, media, cultivation
Pseudomonas aeruginosa strain BN10 was maintained on nutrient agar slants (Difco Laboratories, Detroit, MI, USA) at 4 °C. Starting cultures were prepared by transferring bacterial cells from the storage culture to 250 dm 3 ) were used. The pH value of the medium was adjusted to 7.0. The carbon source was n-hexadecane (1 % v/v) which was sterilized through 0.2 µm membrane filters (Milipore Corp., Bedford, Mass) before its addition to the medium. Microorganism growth was monitored by measuring the optical density at 610 nm (OD 610 ).
Hybrid synthesis and structural investigations
For preparation of silica hybrid materials with participation of chitosan and polyethylene glycol the following components were used: tetraethylorthosilicate (TEOS, 98 %), chitosan (CS, DD, 75 %), acetic acid (99.8 %), polyethylene glycol (PEG, MW 400), calcium chloride (CaCl 2 , 98 %), buffer solution (FICSAL, pH 7.0, containing Na 2 HPO 4 ·2H 2 O-KH 2 PO 4 ), hydrochloric acid (HCl, 37 %), distilled water (dH 2 O).
The ratios of initial components used for preparation of the desired hybrids were:
Cells immobilization
A poly-step sol-gel procedure was performed at strictly controlled conditions in order to obtain the desired materials.
Bacterial cells were harvested by centrifugation at 8000 × g and re-suspended in phosphate buffer (0.06 M, pH 7.0 at 20 °C) to obtain a cell density of 3.0·10 10 g -1 carrier material and were added to the precursors solution. Five dm 3 of cell suspension were introduced in the flasks for implementation of the process of n-hexadecane biodegradation.
The mixture was introduced into a mould made of two flat glass plates and the polymerization was allowed to proceed at ambient temperature for 20 min. The 3 mm thick gel, containing entrapped cells was cut into blocks of approximately 3 x 3 x 3 mm. The gel particles were washed with distilled water and further used for conveying semi-continuous cultivation in 250 dm 3 flasks. Xenobiotic was supplied at the beginning of each reaction cycle.
n-hexadecane biodegradation
Biodegradation of hexadecane was measured as substrate depletion. Whole cultures (50 dm 3 ) were extracted with the same volume of n-hexane (50 dm 3 ) and residual xenobiotic (n-hexadecane) was quantified by gas chromatography using a Hewlett-Packard model 5859 instrument equipped with a flame ionization detector.
Results and discussion
Sol-gel hybrid matrices characterization
Hybrid sol-gel matrices were synthesized and their structure was examined. The phase composition of obtained hybrid materials was investigated via X-ray diffraction analysis (Fig. 1) . The patterns presented halo around 23 2-Theta, which is due to formation of amorphous Si-O-Si network. The absence of other intensive peaks and sharpness of the halo are associated with even distribution of the used organic components.
In the obtained FTIR spectra (Fig. 2 ) the characteristic peaks of the main units in the hybrid structures of silica network (asymmetric and symmetric stretching vibrations -at 1080 cm -1 and 450, 560, 790 cm -1 , respectively) were established. Due to the applied synthesis technique at ambient conditions, on the FTIR spectra also exist peaks of Si-OH (950 cm -1 ) and Н-ОН groups (~1640 and 3400 cm -1 ). The peak with reduced intensity at 1450 cm -1 is associated with amino groups of chitosan. The typical peaks of this organic component corresponding to C-OH and C-C units are in the range of 1000-1200 cm -1 . Significant difference between the two spectra is associated with the peak at 1760 cm -1 (SiCSPCa1), which corresponds to the added PEG. The absence of this peak with increasing the organic value can be associated with potential interaction between PEG and the other organic component. Furthermore, increased intensity of the peak at 1640 cm -1 , which can confirm potential interaction between the amino groups of CS and end groups of PEG is visible. The microstructure of synthesized hybrids was visualized by SEM (Fig. 3) . The micrographs presented differences in the structure with variation of the organic values. The surface of hybrid SiCSPCa1 presented formation of smooth, homogeneous structure, based on silica network into which organic particles are evenly distributed. Increasing the organic values led to formation of unhomogeneous structure with huge amount of particles and aggregates on the hybrid surface. The roughness can be associated with potential interaction between the used organic components, which is established from the FTIR spectra. As a result of the interactions long organic chains are formed. Furthermore, scientific reports showed, that with increasing the pH of hybrid sols (by addition of buffer solution), the chitosan units are shrunk [18] . Due to this property of CS the shrinkage of the organic chains led to formation of aggregates, which are visible on the micrograph. The surface characteristics of obtained hybrid materials were followed by AFM. The 2D and 3D micrographs, which are presented on Figure 4 reveal formation of homogeneous structure, with evenly distributed organic particles (SiCSPCa1) and rough surface (SiCSPCa2). The obtained results are in accordance with SEM investigations.
The results presented on Figure 5 showed, that the particle size (topo on x axis) for sample SiCSPCa1 varied between 10 and 150 nm, as they are evenly distributed on the surface (z on axis y). With increasing the organic values and due to influence of buffer solution the particles size became from 200 to 1000 nm. 
n-hexadecane biodegradation by free and entrapped cells
Degradation of n-hexadecane using freely-suspended cells and immobilized cells of Pseudomonas aeruginosa strain BN10 at equal initial concentrations of the xenobiotic (10 g/dm 3 at the beginning of each cycle) and under similar conditions was monitored at the end of each reaction cycle by using gas chromatography.
Free cells of the investigated strain showed that they were capable to degrade n-hexadecane for 5 active cycles in a semicontinuous mode of operation. Each cycle began with the addition of 10 g/dm 3 of the xenobiotic. During this period almost 50 g/dm 3 n-hexadecane were degraded by the free cells of Pseudomonas aeruginosa strain BN10. The first three cycles ended for 48 h until total depletion of the xenobiotic added (Fig. 6a) . The process was gradually retarded during the fourth cycle (duration of 72 h) and fifth cycle (96 h). This fact was due to decrease in the vitality and catabolic capability of free cells. The end of each cycle was marked when almost the whole hexadecane quantity was depleted. The degraded quantity was 30 g/dm 3 for the first three cycles, 9 g/dm 3 for the fourth cycle and 5 g/dm 3 for the fifth cycle. Immobilization technique was applied realizing the production of active preparations by the sol-gel method. Preliminary experiments were carried out for entrapment of the bacterial cells in both synthesized matrices which revealed the advantage of the carrier with higher percent of organic constituents [19] . Stepping on these results SiCSPCa2 was involved in our study. SiCSPCa2 is used for the first time for immobilization of the investigated strain. Two and three-fold inceased cell densities (6.0 · 10 10 g -1 carrier material and 9.0 · 10 10 g -1 carrier material) were prepared and used and the effect was followed. Concentration of 6.0 · 10 10 g -1 carrier material appeared to be the most appropriate for our purpose. Probably the increased concentration led to hindered mass transfer and the lowest one was insufficient.
Intensification of the biodegradation processes was achieved by employing cells entrapment. Fifteen consecutive active cycles of n-hexadecane biodegradation were successfully performed by the immobilized cells in sol-gel hybrids. The overall amount of degraded xenobiotic was almost 150 g/dm 3 ( Fig. 6b) . These experiments were also performed by the addition of increasing concentrations of n-hexadecane at the beginning of each cycle from 5 to 30 g/dm 3 . The experiments demonstrated that the immobilized Pseudomonas aeruginosa BN10 cells have high catabolic ability up to a concentration of 30 g/dm 3 ( Fig. 6c) . Certain increase in the biodegradation rate was established for the first cycles and a slow decrease in the rate was registered when a slight inhibition of the process was observed at the highest concentration.
Based on the results obtained, it can be concluded that immobilized cells can resist higher concentrations of n-hexadecane and exhibit higher degradation rate compared to free cells. Liang et al. [20] also reported that immobilization in activated carbon biocarrier increased the biodegradation of crude oil, bacterial population and total microbial activity. Immobilized systems created were found to be the most successful in terms of percentage removal of the xenobiotic after 15 active cycles of operation. In addition, both free and immobilized cells degraded 100 % of the added hexadecane within 48 h but the effectiveness of the immobilized cells for xenobiotic biodegradation was three times higher. The synthesized by the sol-gel method hybrid structures ensure good stability and performance of the cells entrapped there in, allowing the substrate to penetrate and to be biodegraded. Omar and Rehm [21] reported that Candida parapsilosis and Penicillium frequetans when immobilized on granular clay in columns, effectively degraded C12 to C18 alkanes with residuals of 13.4 to 32.3 %. According to Emtiazi et al. [22] , biodegradation of petroleum oil by a Pseudomonas sp. isolated from a petroleum-contaminated soil after immobilization on perlite, were more stable for oil degradation. Gentili et al. [23] used chitin and chitosan flakes for immobilization of Rhodococcus corynebacterioides QBTo. These supports are natural, nontoxic, nonpolluting and biodegradable that are obtained from shrimps and crabs. Immobilization of R. corynebacterioides QBTo increased significantly the crude oil biodegradation [23] .
Pseudomonads are the best known bacteria capable of utilizing hydrocarbons as carbon and energy sources and producing biosurfactants [24, 25] . In a previous study, Pseudomonas aeruginosa BN10 was proved to produce rhamnolipid type of biosurfactants [26] . Biosurfactants increase the oil surface area favouring the availability of oil for bacteria to utilize it [27] . The immobilized cells not only showed a higher efficiency of hexadecane degradation than free cells but could also degrade higher concentrations of this xenobiotic. This effect was also discussed by Das and Chandran [28] . Similar results were reported for petroleum hydrocarbon degradation with bacterial spores entrapped in chitosan beads [15] . In our case we suggest that the rhamnolipids synthesized by the strain (data not shown) also enhance n-hexadecane biodegradation. Rahman et al. [25] showed that there was no decline in the biodegradation activity of the microbial consortium on the repeated use, but the results for free and immobilized in alginate beads cells were comparable. In our case the difference in the ability of entrapped cells and free cells at repeated use was much greater. However, it was concluded that immobilization of cells in sol-gel hybrid structures is a promising application in the bioremediation of hydrocarbon contaminated sites.
Bioremediation is an eco-friendly method for removing of oil spills since it allows complete mineralization of pollutants [29] , so together with application of the immobilization technique could be an effective biotechnological scheme for pollutants detoxification.
Conclusions
Silica hybrid materials with participation of chitosan and polyethylene glycol were synthesized via sol-gel technique. The obtained structures were amorphous, with evenly distributed organic particles throughout the inorganic network. The variation in inorganic/organic ratio showed that increasing of organic values lead to formation of rough, nonhomogeneous structures and the carrier with higher percent of organic constituents was chosen.
The synthesized by the sol-gel method hybrid matrices appeared to be suitable carriers for realizing an effective biodegradation process of n-hexadecane by Pseudomonas aeruginosa BN10. This approach overcomes some problems with stability, reuse and long term cell viability encountered with free cells. Therefore, the immobilization method has been proven to be an effective system for the bioremediation of n-hexadecane used as a model compound of the aliphatic fraction of petroleum oil.
